Mutated acetolactate synthase (ALS) genes of rice and Arabidopsis, which confer resistance to ALS-inhibiting herbicides, were generated using PCR and overlap extension. Recombinant ALSs from these mutated genes were prepared as glutathione S-transferase-fused proteins, and sensitivities of the proteins to ALS-inhibiting herbicides were examined. Nine kinds of rice ALSs that have mutations at the P171 position (each amino acid is represented by one letter) showed high resistance to a herbicide, bensulfuron-methyl, but the resistance level to a herbicide, bispyribac-sodium (BS), changed among ALSs. S627I ALS of rice expressed high resistance to herbicides: pyriminobac and pyrithiobac-sodium. P171H/R172S ALS of rice showed greater resistance to a herbicide, chlorsulfuron than the additive effect predicted from the resistance of each single mutated ALS. P171H/W548L ALS and P171H/S627I ALS of rice showed similar synergistic resistance to BS. On the other hand, P197S, W574L, S653I, P197H/R198S and W574L/S653I-mutated ALSs of Arabidopsis expressed similar sensitivities to herbicides as those of rice ALSs with the corresponding mutations. These results proposed that P171-mutated ALSs of rice can be used as model enzymes for resistant weed management to ALS-inhibiting herbicides, and rice-mutated ALS genes encoding mutated ALSs such as S627I, P171H/R172S, P171H/W548L, P171H/S627I, and Arabidopsis-mutated ALS genes encoding mutated ALSs, such as S653I, P197H/R198S and W574L/S653I, are useful as new selectable marker genes for genetic transformation of plants when used together with ALS-inhibiting herbicides to which mutated ALSs express high resistance.
Introduction
Acetolactate synthase (ALS, EC2.2.1.6; also referred to acetohydroxyacid synthase, AHAS) is the first common enzyme in the biosynthetic pathway to branched-chain amino acids: valine, leucine and isoleucine. ALS is the primary target site of action for at least five structurally distinct classes of herbicides, including sulfonylureas (SUs), imidazolinones (IMs), pyrimidinylcarboxylates (PCs), triazolopyrimidine sulfonamides and sulfonylaminocarbonyltriazolinones. 1) Recently, we have obtained a novel mutated ALS gene from PC-resistant rice cells, which confer high resistance to one of PC herbicides, bispyribac-sodium (BS). 2) We have reported that this gene has two point mutations in its sequences, which lead to leucin substitution for tryptophan at position 548 (W548L) and isoleucine substitution for serine at position 627 (S627I), and the resistance level of this double-mutated ALS to BS was stronger than an additive effect predicted from the degree of resistance of each single amino acid-mutated ALS. We have also shown that a transgenic rice plant into which this double-mutated ALS gene was introduced expressed resistance to BS. 2, 3) Herbicide-resistant ALS genes have been shown to be useful not only for the generation of transgenic plants that express resistance to the corresponding herbicides but also for introducing foreign traits into plants as a selectable marker. 4) Indeed, the W548L/S627I double-mutated ALS gene was shown to be useful as a selectable marker for plant genetic transformation when used together with BS. 5) Meanwhile, SU-resistant weeds were first found in kochia and prickly lettuce in a field with the repeated use of a herbicide, chlorsulfuron (CS). 6) Since then, many weed species have developed resistance to SUs and IMs. 1) Weeds possessing an ALS that mutated at the position corresponding to the P171 position of rice ALS were found in fields with the repeated use of SU, whereas that at S627 (rice numbering system) was found with the use of IM. In addition, mutation at the W548 position (rice numbering system) was found in weeds through selection by both IMs and SUs. Among these mutations, P171 mutations have been reported much more than other mutations.
7)
Here, we artificially generated several kinds of mutated ALS genes of rice and Arabidopsis followed by examination of the sensitivities of recombinant proteins to ALS-inhibiting herbicides, and found useful mutated ALS genes, which can be used as enzyme sources for resistant weed management to ALS-inhibiting herbicides and as new selectable marker genes for plant genetic transformation.
Materials and Methods

Compounds
Two compounds, chlorsulfuron (CS) and bensulfuron-methyl (BM), were used as SU herbicides. Two compounds, imazaquin (IQ) and imazapyr (IP), were used as IM herbicides. Three compounds, BS, pyrithiobac-sodium (PS) and pyriminobac (PM), were used as PC herbicides (Fig. 1) . These compounds were synthesized by KI Chemical Research Institute Co., Ltd (Iwata, Shizuoka, Japan).
Generation of protein expression vectors retaining mutated ALS genes 2.1. P171A, P171I, P171K, P171L, P171Q, P171R, P171S, P171T single mutated ALS genes of rice
The pGEX-2T plasmid vector (GE Healthcare BioSciences KK) retaining the wild-type ALS gene, in which the nucleotide codon for P171 is "CCC", 2) was digested by Acc I, followed by the partial digestion of Tth111 I.
DNA fragments of P171-mutated ALS genes were prepared as follows. Two DNA fragments, which were amplified by two sets of primers (5Ј-CATCACCAACCACCTCTT-3Ј (ALSRsp6) and 5Ј-GGAAGGCGTCGGTGCCGATCATGCGGC G(C,G,T)(A,C,G,T)(A,C,G,T)GACCT-3Ј, and 5Ј-CGCCG-CATGATCGGCACCGACGCCTT-3Ј and 5Ј-CAACAAACC AGCGCAATTCGTCACC-3Ј), were subjected to overlap extension 8) by Expand Hifi PCR polymerase (Roche Diagnostics) to generate randomly mutated DNA fragments at the po-sition of P171. The overlap extension regime was 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min for 40 cycles, followed by a final extension at 72°C for 7 min. The combined DNA fragment was sub-cloned into pT7Blue-T plasmid vector (Novagene), followed by transformation into competent Escherichia coli (HB101 strain), and E. coli was plated on LB medium containing 50 ppm ampicillin. From the single colonies formed, alanine (GCT), isoleucine (ATA), lysine (AAG), leucine (CTC), glutamine (CAA), arginine (AGA), serine (TCC) and threonine (ACC)-substituted clones at the position of P171 were isolated. Each plasmid, which was prepared from each cultivated E. coli with plasmid extraction apparatus (TOMY DP-480), was digested the Tth111 I and Acc I, followed by purification of the object band (200 bp) by GFX PCR and Gel Purification Kit (GE Healthcare BioSciences KK). These mutated DNA fragments were ligated with the above Acc I/Tth111 I-digested pGEX-2T retaining the wildtype ALS gene, and the plasimids were transformed into competent E. coli (JM109 strain).
P171H, R172S, W548L and S627I single-mutated ALS genes, and P171H/R172S, P171H/W548L and P171H/S627I double-mutated ALS genes of rice
Preparation of pGEX-2T plasmids vectors retaining the wildtype, W548L-and S627I-mutated ALS gene at Eco RI site was described in our preceding paper.
2) These plasmids were digested by Acc I followed by the partial digestion of Sma I.
DNA fragments of P171H-and P171H/R172S-mutated ALS genes were prepared by PCR using a set of primers (ALS-Rsp6 and 5Ј-AACAAACCAGCGCAATTCGTCACC-3Ј), genomic DNAs of BS-resistant rice cali whose ALS had either P171H (CAC) or P171H/R172S (CAC/AGC) mutations 9) as a template and Ready to Go PCR beads (GE Health Science). R172S DNA fragment was prepared as follows: two DNA fragments amplified by two sets of primers (ALS-Rsp6 and 5Ј-CGGTGCCGATCATGCGGCTGGGGA-CCT-3Ј, and 5Ј-CCCCAGCCGCATGATCGGCACCGACGC-CTT-3Ј and 5Ј-CAACAAACCAGCGCAATTCGTCACC-3Ј), using pBluescript II SKϩ retaining the wild-type ALS gene as a template, were subjected to overlap extension PCR by LA Taq DNA polymerase (Takara Bio INC.). PCR and the overlap extension regime were 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min for 40 cycles, followed by a final extension at 72°C for 7 min. DNA fragments obtained were ligated to pT7Blue-T, and the vectors with the intended sequence were isolated from single colonies of E. coli (JM109 strain), followed by digestion by Acc I and Sma I. These mutated DNA fragments were ligated to the above Acc I/Sma I (partially) digested pGEX-2T retaining the wild-type ALS gene, and the vector was transformed into competent E. coli (JM109 strain). Also, the DNA fragment of P171H mutated ALS was ligated to the Acc I/Sma I (partially)-digested pGEX-2T retaining the W548L-mutated ALS gene and S627I-mutated ALS gene. These pGEX-2T plasmid vectors were transformed into competent E. coli (JM109 strain).
P197S, W574L, S653I single-mutated ALS genes and P197H/R198S, W574L/S658I double-mutated ALS genes of Arabidopsis
pBluescript II SK-containing ALS cistron of Arabidopsis (kindly provided by Dr. Seiichi Toki) was digested with Nco I and Age I, and the ends were blunted. The released fragment containing the coding region of ALS was sub-cloned into the pBluscript II SKϩ at the blunted Eco RV site and named pBS-ALS. To remove the Eco RV site located 690 bp upstream of the initiation codon, Xba I/Avr ll region of pBS-ALS was replaced with the Xba I/Avr ll fragment amplified by a primer set (5Ј-TCATCAGGAGGCCTTGGAGCTATG GGATTTGGACTTCCTGCTGCGATTGGAGCGTCTG-3Ј and 5Ј-CTCGTCCTCCTGAGCCGGATCTCCAAGAAATG-TGTGAGCACGGTTAGCTTTGTAG-3Ј). The resulting plasmid was named pBS-preI ALS. To remove the Eco RV site from the multi-cloning sites, pBS-preI ALS was digested with Pst I and Cla I, followed by blunting and ligation. The resulting plasmid was named pBS-preII ALS. To remove the Sac I site from the coding region of ALS, the Stu I/Bpu10 I region of pBS-preII ALS was replaced with the Stu I/Bpu10 I fragment amplified by a primer set (5Ј-TCATCAGGAGGC-CTTGGAGCTATGGGATTTGGACTTCCTGCTGCGATTG-GAGCGTCTG-3Ј and 5Ј-CTCGTCCTCCTGAGCCGGATC TCCAAGAAATGTGTGAGCACGGTTAGCTTTGTAG-3Ј). The resulting plasmid was named pBS-normal ALS. This plasmid was used as a template to generate P197S, W574L, S653I, P197H/R198S ALS genes. Fragments of ALS genes containing corresponding mutations were amplified with KOD-plus DNA polymerase (TOYOBO Co., Ltd.). PCR reaction was performed as follows: 30 cycles of denaturation for 30 sec at 94°C, annealing for 20 sec at 55°C, and extension for 1 min at 68°C. The primers used for P197S and P197H/R198S ALSs were as follows: forward primer: 5Ј-TC-CCGATTCGCTCCAGAT-3Ј, reverse primer containing Mlu I site and codon for P197S mutation: 5Ј-CGTAATCGA ACGCGTTACCTCAACAATCGGAGTCTCTTGAAA CGCATCTGTACCAATCATACGACGAGAGACTTGTCCT-GTGATTGC-3Ј, reverse primer containing Mlu I site and codon for P197H/R198S mutation: 5Ј-CGTAATCGAACG CGTTACCTCAACAATCGGAGTCTCTTGAAACGCATCT-GTACCAATCATACGACTATGGACTTGTCCTGTGATT GC-3Ј. Amplified fragments were digested with Eco RV and Mlu I and inserted into Eco RV/Mlu I digested pBS-normal ALS. The primers used for W574L ALS were as follows: forward primer containing a Stu I site: 5Ј-TCATCAGGAGGC-CTTGGAGCTATGGGATTTGGACTTCCTGCTGCGATTG-GAGCGTCTG-3Ј, reverse primer containing Bpu10 I site and codon for W574L mutation: 5Ј-TCGTCCTCCTGAGCCG-GATCTCCAAGAAATGTGTGAGCACGGTTAGCTTTG-TAGAACCGATCTTCCAATTGCATAACCATGCC-3Ј. This reverse primer was designed to excise Sac I and Bam HI sites on wild-type ALS. The amplified fragment was digested with Stu I and Bpu10 I and inserted into the Stu I/Bpu10 I digested pBS-normal ALS. The primers used for S653I ALS were as follows: forward primer containing a Bgl II site: 5Ј-GTGA-CAAAGAAAGCAGATCTGCGAGAAGCTATTCAG-3Ј, reverse primer containing Sac I site and codon for S653I mutation: 5Ј-CCGGTTTGAGCTCTTAGTATTTAATCCGGCCAT-CTCCTTCCGTTATGACATCGTTGAAAGTGCCAC-CAATCGGGATCATCGG-3Ј. The amplified fragment was digested with Bgl II and Sac I and sub-cloned into the Bgl II/Sac I digested pBS-normal ALS.
The fragment of the ALS gene containing W574L/S653I mutation was amplified with KOD-plus DNA polymerase (TOYOBO Co., Ltd.). pBluescriptII SKϩ containing W547L-mutated ALS described above was used as a template. The primers used were as follows: forward primer containing a Bgl II site: 5Ј-GTGACAAAGAAAGCAGATCTGCGAGAA-GCTATTCAG-3Ј, reverse primer containing Sac I site adjacent to the stop codon and codon for S653I mutation: 5Ј-CCGGTTTGAGCTCTTAGTATTTAATCCGGCCATCTC-
The amplified fragment was digested with Bgl II and Sac I and sub-cloned into the Bgl II/Sac I digested-pBluescript II SKϩ containing W547L ALS.
Plasmids retaining the mutated ALSs described above were digested with Nco I and Sac I, and blunted. The released mutated ALS genes were sub-cloned into the pGEX-6P-1 plasmid vector (GE Healthcare Bio-Sciences KK) at the blunted EcoR I site, and the plasmid was transformed into competent E. coli (JM109 strain).
Expression and preparation of recombinant ALSs
Crude glutathione S-transferase (GST)-fused ALSs were prepared by the method described in the previous paper.
2)
Assay of ALS activity
ALS activity was measured as follows. A reaction mixture (1 ml) was prepared by mixing an enzyme solution with a solution comprising 20 mM sodium pyruvate, 0.5 mM thiamine pyrophosphate, 0.5 mM MgCl 2 , 10 mM flavin adenine dinucleotide and 20 mM potassium phosphate buffer (pH 7.5). After the enzyme solution was added, the reaction was conducted at 37°C for 30 min. Then, the reaction was stopped by the addition of 0.1 ml of 6 N sulfuric acid. The mixture was incubated at 60°C for 10 min, thereby converting acetolactate to acetoin. Then, 1 ml of 0.5% (w/v) creatine and 1 ml of 5% (w/v) a-naphthol dissolved in 2.5 N sodium hydroxide were added to the mixture, followed by incubation at 60°C for 10 min. Acetoin was then quantified by color comparison of the absorbance of the mixture at 525 nm. The reaction without substrate (sodium pyruvate) was used as the control.
Sensitivities of ALS to herbicides
Sensitivities of GST-fused ALSs expressed in E. coli to ALSinhibiting herbicides were examined as follows. Solutions Vol. 33, No. 2, 128-137 (2008) Herbicide sensitivities of mutated ALS 131 containing the herbicides at certain concentrations (BS and PS were aqueous solutions and others were acetone solutions) were added to the reaction mixture before the addition of ALS protein.
The final concentration of acetone was 1%. Since the recombinant ALS expressed in E. coli is unsusceptible to valine, 10) the assay using the crude preparation of GST-ALS was performed under conditions in which ALS activity derived from E. coli was inhibited with 10 mM valine (10 mM valine has no effect on ALS activity). The inhibitory activity by each herbicide was represented as the mean of the herbicide concentration (I 50 ) required for 50% inhibition obtained through 3 independent experiments with 4 to 5 concentrations of herbicides, when 50% inhibition was obtained at the concentrations tested. When 50% inhibition could not be obtained, inhibitory activity by each herbicide was represented as the mean inhibition percentage at the highest concentration (100 mM). RS ratios for mutated ALSs were obtained, from calculation using the ratio of the I 50 value for each mutated 132 K. Kawai et al. Journal of Pesticide Science ALS to the I 50 value for wild-type ALS. The predicted RS ratios for double-mutated ALSs were obtained from multiplication of the I 50 value for each single-mutated ALS.
Results
Sensitivities of single-mutated ALSs of rice to ALS-inhibiting herbicides
All P171 single-mutated ALSs, except for P171H and P171L, expressed relatively high resistance to CS, whose RS ratios were over 100, and all P171 single-mutated ALSs expressed higher resistance to BM than to CS, whose RS ratios were over 3000. The resistance levels of these mutated ALSs, except for P171I to an IM herbicide, IQ, were significantly lower than those to SU herbicides, and those to a PC herbicide, BS, were similar to those of IQ (Tables 1 and 2 , and Fig.  2 ). R172S-mutated ALS did not express any resistance to ALS-inhibiting herbicides, revealing that this mutation was silent. W548L-mutated ALS expressed high resistance to all types of ALS-inhibiting herbicides, as indicated in the previous paper.
2) S627I, which has been reported to have low resistance to BS, 2) expressed relatively high resistance (RS ratio Ͼ100) to PM and PS, but did not express high resistance to SU herbicides (Table 1 , 2).
Sensitivities of double-mutated ALSs of rice to ALS-inhibiting herbicides
The degree of resistance of P171H/R172S-mutated ALS to CS was higher than that of P171H-mutated ALS (RS ratio was 420). Thus, it was clarified that R172S mutation, which is a silent mutation by itself, enhanced the degree of resistance of P171H-mutated ALS. In other words, P171H/R172S-mutated ALS showed resistance to CS higher than that predicted from the degree of resistances of each single-mutated ALS. P171H/W548L-mutated ALS expressed high resistance (16% inhibition in 100 mM, and RS ratio was Ͼ7700) to CS, followed by P171H/S627I-mutated ALS (RS ratio was 760) ( Table 3 ).
The degree of resistance of P171H/R172S-mutated ALS to IQ was almost the same as that of P171H single-mutated ALS. P171H/W548L-mutated ALS expressed high resistance (13% inhibition by 100 mM, and RS ratio was Ͼ45) to IQ, followed by P171H/S627I-mutated ALS (RS ratio was 32) ( Table 4) .
The degree of resistance of P171H/R172S-mutated ALS to BS was approximately the same as that of P171H-mutated ALS. On the other hand, P171H/W548L-mutated ALS showed high resistance to BS (5.5% inhibition by 100 mM, and RS ratio was Ͼ16000). P171H/S627I-mutated ALS also showed relatively high resistance to BS (RS ratio was 3700). RS ratios of P171H/W548L-mutated ALS and P171H/S627I-mutated ALS were higher than the predicted RS ratios (Table  5 ). These results revealed that double-mutated genes encoding P171H/W548L-and P171H/S627I-mutated ALSs imparted resistance to ALS against BS, which is higher than the additive effect predicted from the degree of each resistance of single-mutated ALS.
The degree of resistance of P171H/R172S-mutated ALS to PS appeared to be higher than that of P171H-mutated ALS (RS ratio was 13) ( Table 6 ). P171H/W548L-mutated ALS expressed high resistance (20% inhibition by 100 mM, and RS ratio was Ͼ9100), followed by P171H/S627I-mutated ALS (RS ratio was 850).
The degree of resistance of P171H/R172S-mutated ALS to PM was almost the same as that of P171H single-mutated ALS. P171H/W548L-mutated ALS expressed high resistance (11% inhibition by 100 mM, and RS ratio was Ͼ11000) to PM, followed by P171H/S627I-mutated ALS (21% inhibition by 100 mM, and RS ratio was Ͼ11000) ( Table 7) .
Sensitivities of mutated ALSs of Arabidopsis to ALSinhibiting herbicides
Sensitivities of single-mutated ALSs of Arabidopsis: P197S, W574L and S653I, and double-mutated ALSs: P197H/R198S and W574L/S653I to ALS-inhibiting herbicides were examined (Tables 8, 9 ). These mutated sites of Arabidopsis ALS corresponded to P171S, W548L, S627I, P171H/R172S and W548L/S627I of rice, respectively. P197S-mutated ALS and P197H/R198S-mutated ALS expressed relatively high resistance to SU herbicides: CS and BM, whose RS ratios were over 300, but did not express high resistance to IM and PC herbicides (the exact RS ratio of P197H/R198S-mutated ALS to imazapyr was unknown (Ͼ14), but was considered to be below 50 because this ALS was inhibited by 37% with 100 mM of imazapyr). W574L-mutated ALS expressed high resistance to all types of the ALS-inhibiting herbicides tested, although the resistance to IM was not accurately evaluated. Contrary to the data of P197S, S653I-mutated ALS expressed relatively high resistance to PC herbicides, such as PM and PS, whose RS ratios were over 300, but the resistance level to SU herbicides was low. W574L/S653I-mutated ALS expressed high resistance to all types of ALS-inhibiting herbi- When the I 50 value could not be obtained, each inhibitory activity was represented as the mean of inhibition percentages atcides, such as W574L-mutated ALS. These data appeared to correlate to those of rice-mutated ALSs. The correlation was demonstrated by dose inhibition curves that compared the sensitivities of mutated ALSs of Arabidopsis (P197H/R198S, W574L and S653I) to CS and PM to those of rice-mutated ALSs that had the corresponding mutations (Fig. 3) .
Discussion
Many weeds possessing mutated ALS at the position of P171 (rice numbering system) were found in fields with repeated use of SU herbicides. In Japan, at least 14 weed species have been shown to be resistant to SU herbicides. 11) Among these weeds, Lindenia spp., Schoenoplectus juncoides and Monochoria vaginalis have been strictly evaluated for mutations of ALS genes, and it has been elucidated that biotypes of these weeds resistant to SU herbicides had mutations at the P171 position or the W548 position. [12] [13] [14] [15] As for the W548 position, only leucine (L) substitution for tryptophan (W) has been shown in weeds, and this substitution confers resistance to all types of ALS-inhibiting herbicides, while substitutions of various amino acids for proline (P) have been reported in the P171 position of various weeds, and resistance levels of mutated ALSs to ALS-inhibiting herbicides are known to vary among amino acid substitutions and the tested herbicides.
7)
Thus, to know the basic sensitivities of P171-mutated ALSs to ALS-inhibiting herbicides is considered to be useful not only for resistant weed management to ALS-inhibiting herbicides but also for developing new ALS-inhibiting herbicides. Therefore, we prepared various kinds of P171-mutated recombinant ALSs and examined variations in the sensitivities of these mutated ALS to ALS-inhibiting herbicides. Consequently, we could clarify the relation of amino acid substitutions at the P171 position with resistant levels of mutated ALSs to ALS-inhibiting herbicides. It has been shown that Arabidopsis ALS is composed of 4 catalytic subunits and 4 regulatory subunits, 16, 17) and a point-mutation occurred in one of multi-ALS genes of weed species. 11, 13, 14) This indicated that the ALS of an ALS-inhibiting herbicide-resistant weed becomes chimeric, which is composed of both the wild-type form and the mutant form of the catalytic subunit, with the re- When the I 50 value could not be obtained, each inhibitory activity was represented as the mean of inhibition percentages at 100 mM concentration of the herbicide and expressed in parentheses. When the I 50 value could not be obtained, each inhibitory activity was represented as the mean of inhibition percentages at 100 mM concentration of the herbicide and expressed in parentheses. When the I 50 value could not be obtained, each inhibitory activity was represented as the mean of inhibition percentages at 100 mM concentration of the herbicide and expressed in parentheses. When the I 50 value could not be obtained, each inhibitory activity was represented as the mean of inhibition percentages at 100 mM concentration of the herbicide and expressed in parentheses.
sult that the resistance level of the ALS to ALS-inhibiting herbicides is lower than that of an ALS composed of only the mutant form. It has also been demonstrated that the ALS of a rice plant carrying a mutated ALS gene, which was generated by homologous recombination of the ALS gene, expressed high resistance to BS only when the plant became a homozygote. 18 ) Therefore, the data in the present paper are considered important for estimating the true levels of resistance of P171 mutated ALSs to ALS-inhibiting herbicides. Since it has been shown that mutated ALSs of yeast and Arabidopsis, which had a corresponding mutation with each other, expressed different sensitivities to an ALS-inhibiting herbicide, 19, 20) we cannot simply apply the data of rice to other plant species. However, sensitivities of mutated rice ALSs to ALS-inhibiting herbicides were similar to those of mutated ALSs of Arabidopsis (Fig. 3) , so it is assumed that we can use the data of rice with thoughtful application for resistant weed management to ALS-inhibiting herbicides.
On the other hand, we generated rice ALS genes encoding novel double-mutated ALSs, whose combination of mutations has not yet been reported. Recombinant ALSs from these mutated ALS genes expressed not only high resistance to ALSinhibiting herbicides but also synergistic resistance that was not predicted from the resistance of each single mutated-ALS. P171H/R172S ALS showed synergistic resistance to CS, P171H/W548L ALS showed synergistic resistance to BS, and P171H/S627I ALS also showed synergistic resistance to BS. In our preceding paper, 2) we have shown that the mutated ALS gene encoding W548L/S627I-mutated ALS, which confers synergistic resistance to BS, is efficiently used as a selectable marker for genetic transformation of rice. Therefore, it was considered that the double-mutated ALS genes generated here were also used as novel selectable markers for genetic transformation of rice. Among these double-mutated ALS genes, the gene encoding P171H/R172S-mutated ALS can be efficiently used together with the gene encoding S627I single- Vol. 33, No. 2, 128-137 (2008) Herbicide sensitivities of mutated ALS 135 mutated ALS, because the former conferred high resistance to SU herbicides, but not to PC herbicides, while the latter conferred relatively high resistance to PC herbicides, but not to SU herbicides (Fig. 3) . We can introduce genes of interest to rice plants harboring the gene encoding P171H/R172S-mutated ALS, which is selected by SU herbicides such as CS, through using the gene encoding S627I-mutated ALS as a selectable marker, and vice versa. ALS genes of Arabidopsis encoding ALSs that have corresponding mutations to those of rice, such as genes encoding P197H/R198S-, S653I-and W574L/S653I-mutated ALS can be also used as selectable markers for genetic transformation of Arabidopsis. Journal of Pesticide Science 
